Complex-shaped NiTi constructions become more and more essential for biomedical applications especially for dental or cranio-maxillofacial implants. The additive manufacturing method of selective laser melting allows realizing complex-shaped elements with predefined porosity and three-dimensional micro-architecture directly out of the design data. We demonstrate that the intentional modification of the applied energy during the SLM-process allows tailoring the transformation temperatures of NiTi entities within the entire construction. Differential scanning calorimetry, x-ray diffraction, and metallographic analysis were employed for the thermal and structural characterizations. In particular, the phase transformation temperatures, the related crystallographic phases, and the formed microstructures of SLM constructions were determined for a series of SLM-processing parameters. The SLM-NiTi exhibits pseudoelastic behavior. In this manner, the properties of NiTi implants can be tailored to build smart implants with pre-defined microarchitecture and advanced performance.
Introduction
Laser-based additive manufacturing processes such as selective laser melting (SLM) allow for the straightforward fabrication of metallic parts with complex three-dimensional architectures directly out of powder (Ref 1). For SLM fabrication, a CAD model of the intended part is virtually cut into horizontal slices of typically 30-100 lm thickness. During the manufacturing process, a focused laser beam transmits the contour information of each virtual slice into the bed of metallic powder, which locally melts and solidifies. After scanning of one slice, the building platform is lowered about the slice thickness and re-coated by powder. The scanning of each subsequent slice by the laser and re-coating of the platform is repeated until all slices have been processed. The part is attached to the building platform via support-structures and can be removed from the machine directly after part completion. A more detailed description of the SLM fabrication process can be found in literature ( Ref 2) . As the preparation is simple and fast compared to conventional production methods like turning and milling, the SLM process allows fabricating patientspecific implants including dental and cranio-maxillofacial solutions for patients with special anatomical characteristics (Ref 3) . In addition to dense constructions, filigree scaffold geometries with struts as small as 200 lm in diameter can be manufactured, impossible to do so with conventional mechanical machining. Hence, the generative process of SLM permits the realization of open porous structures to meet specific demands. To optimize, for example, osseointegration of bone implants, pore sizes and shapes, size distributions, and gradients have to be tailored (Ref 4 , the fabrication of such entities with micrometer precision is impossible. By SLM, the mechanical properties of porous bone scaffolds can be adjusted to the biomechanical needs by controlling lattice geometry, strut size, and porosity. Bone scaffolds should be further optimized by a local adaptation of scaffold architecture to the anisotropic and mechanical properties of the hard tissue (Ref 10) . Implants with reduced stiffness, for example, facilitate physiological load transfer and reduce the risk of stress shielding (Ref 11) .
For example, besides well-established steel, aluminum, and titanium, NiTi was recently successfully processed using SLM and laser-engineered net shaping . As a biocompatible, FDA-approved material (Ref 20) , which exhibits superelasticity, shape memory effects, and high damping capacities, NiTi is a promising candidate for medical implants with extraordinary performance. Furthermore, the remarkable difference between the YoungÕs moduli of the austenite and the martensite enables the realization of relatively soft implants with properties close to bone (Ref 21) . As shown previously (Ref 15, 22) , we successfully built complex NiTi-structures with shape memory properties. In the present article, we report on SLM fabrication of dense NiTi products with intentionally modified thermo-mechanical properties by altering the applied laser energy density. In this manner, biomimetic NiTi implants with anisotropic, gradually changing thermo-mechanical properties can be built.
Experimental Procedure

Specimen Preparation
Cylindrical specimens with diameters of 5 and 7 mm and height of 15 mm were produced in a vertical direction from pre-alloyed NiTi-powder (MEMRY GmbH, Weil am Rhein, Germany) by the SLM-Realizer 100 (SLM-Solutions, Lübeck, Germany). The powder with a D 50 value of 60 lm was produced by gas atomization from starting material with a nominal Ni-content of 56.1 wt.%. Particle size analysis was done by laser diffraction (HELOS/BR, Sympatec GmbH, Clausthal-Zellerfeld, Germany). The cylinders were fabricated by four sets of processing parameters. Laser power and scanning velocity were varied from 60 to 80 W and from 171 to 133 mm/s, respectively. This choice resulted in energy densities of 60, 70, 84, and 100 J/mm 3 . As given by Eq 1, the energy density E v depends on the laser power P, the scanning velocity v, the spacing between laser vectors h, and the layer thickness d. Equation 1 estimates the overall energy input into the powder-bed during SLM processing (Ref 23) .
The powder layer thickness in the experiments was set to d = 50 lm. The laser vector spacing for the hatch was h = 120 lm. Subsequent to SLM fabrication, the specimens were removed from the building platform and cut transversally into three parts using a low-speed diamond saw (IsoMet Ò , Buehler). One part of each was kept for investigating as-built specimens (''SLM''). The second part was solution annealed at a temperature of 800°C for a period of 30 min and subsequently water-quenched. The last specimen part was annealed at a temperature of 500°C for a period of 20 min followed by slow cooling. In addition to the cylinders, tensile test specimens according to shape D specified in the DIN 50125 (Ref 24) were manufactured with the processing parameter set corresponding to 70 J/mm 3 . SLM processing and heat treatments took place under protective Ar atmosphere.
Data on transformation temperatures as presented in Fig. 1 and 2 include measurements on cylinders 5 and 7 mm in diameter. The measurements of cylinders with 5 mm in diameter annealed at 500°C were skipped, because the cooling rates in this case during furnace cooling were not reproducible enough.
Specimen Characterization
The phase transformation temperatures for martensite start (M s ), martensite peak (M p ), martensite finish (M f ), austenite start (A s ), austenite peak (A p ), and austenite finish (A f ) were determined using differential scanning calorimetry (DSC, DSC 30, Mettler-Toledo) in the temperature range between +100 and À125°C with heating and cooling rates of 10 K/min. X-ray diffraction (XRD) was carried out on the specimens 7 mm in diameter with grinded and electro-polished surfaces (details see below) using the D2-Phaser system (Bruker, Karlsruhe, Germany) equipped with a Co x-ray tube (K a -radiation, k = 1.78897 Å ). The temperature during XRD measurements was about 32°C. Before the XRD investigations, specimens were heated above A f to ensure a well-defined primarily austenitic sample state.
The oxygen contents of the as-built and annealed specimens were measured by the inert gas fusion method (Galileo G8, Bruker, Karlsruhe, Germany). Before analyzing the oxygencontent, we removed the oxide surface layer by means of mechanical grinding and electro-polishing. Position-controlled tensile testing was performed in cyclic manner at room temperature with a constant testing speed of 0.25 mm/min by means of a universal testing machine (Z100, Zwick/Roell, Ulm, Germany). Again, we heated the specimen before cyclic tensile testing above A f to ensure a primarily austenitic sample state. The preparation procedure for the microstructural investigations by optical microscopy included grinding (MetaServ 
Results and Discussion
Characterization of Phase Transformation Temperatures
The SLM processing parameters determine the phase transformation temperatures as displayed in Fig. 1 . The stepwise variation of the energy density between 60 and 100 J/mm 3 led to an increase of the transformation temperatures of up to 75 K. A s , for example, increased from À50 to 25°C. Figure 2 presents the austenite peak temperatures of the as-built and annealed specimens. In specimens solution annealed at 800°C, we still found increased transformation temperatures with rising energy densities. Nevertheless, the austenite peak temperatures of the specimens produced with 70, 84, and 100 J/mm 3 shifted about 12-18 K toward lower values. After annealing at 500°C, the austenite peak temperatures leveled off at about 30°C. Only a slight variation of about 5 K was detected among the specimens. The error bars for the energy density in Fig. 1 and 2 are caused by variations in layer thickness and laser power during processing. Figure 3 shows the XRD patterns for specimens prepared with energy densities of 70 J/mm 3 (a) and of 100 J/mm 3 (b). The as-built specimens exhibit mainly peaks of the austenite phase B2. The small peak at 2h = 48.5°reflects the presence of Ti 4 Ni 2 O x and/or Ti 2 Ni. No differences in terms of precipitates and impurities were found in the as-built specimens. The asbuilt specimen prepared with 100 J/mm 3 represents additional peaks at 36.4°, 52.5°, 71.4°, and 77.3°marked by stars in Fig. 3(b) , which arise from the martensite phase B19¢. The martensite phase originates from the phase transformation B2 fi B19¢, which starts at the temperature M s = 35°C. Note that XRD investigations were carried out at $32°C. The reflections at 44.7°and 65.3°could not definitely be identified; possibly they refer to elemental titanium. Besides, from SLM specimens, both peaks are present in powder and starting material before atomization (data not shown), i.e., they do not refer to precipitates or impurities caused by SLM fabrication.
XRD Study
XRD investigations of specimens annealed at 800°C show the formation of Ti-rich phases. The reflections at 32.0°, 42.2°, and 64.1°, marked by open diamonds in Fig. 3 , refer to TiO 2 , while the reflections at 45.6°, 48.5°, and 53.1°marked by arrows, refer to Ti 2 Ni and oxygen-rich inclusions like Ti 4 Ni 2 O x . As we detected oxygen contents of (0.102 ± 0.019) wt.% in asbuilt, of (0.101 ± 0.005) wt.% in 500°C annealed and of (0.118 ± 0.003) wt.% in 800°C annealed specimens (Ref 22) , the oxygen content increased by about 0.02 wt.% after solution annealing. One can, therefore, reasonably assume that the reflections at 45.6°, 48.5°, and 53.1°rather originate from Ti 4 Ni 2 O x than from Ti 2 Ni.
The phase transformation temperatures in Ni-rich NiTi, as is well known, depend on the Ni/Ti ratio (Ref 27, 28) . Ni-loss leads to an increase, whereas Ti-loss leads to a decrease of the transformation temperatures. As no evidence for Ni-consuming phases could be found in the as-built and the 800°C-treated specimens, we hypothesize that Ni evaporated during the processing causing the increased transformation temperatures with applied energy density. This hypothesis is in accordance with findings of Meier et al. (Ref 12) . Two explanations can be used to understand the decrease in phase transformation temperatures after 800°C annealing. First, the formation of Ti-rich impurities during solution annealing (cp. Fig. 3 ) leads to Ti-reduction in the NiTi-matrix, which reduces the transformation temperatures. Secondly, Ni 4 Ti 3 -precipitates in quantities below the detection limit of XRD were formed during SLM processing-in addition to the evaporation of Ni. Their dissolution during solution annealing results in an increased Ni-content in the NiTi-matrix, which would also lead to decreasing transformation temperatures. Both mechanisms may coexist. Because the Ti 4 Ni 2 O x -reflections developed in the XRD-patterns, their amount must be considerably high. Consequently, the first explanation should be dominant.
Further work is required to fully uncover the mechanisms of impurity formation during SLM fabrication and annealing processes and their influence on the phase transformation temperatures. Usage of a vacuum-furnace might be beneficial in avoiding the formation of Ti-rich impurities during solution annealing.
The increase of the transformation temperatures of the 60 and 70 J/mm 3 specimens, which were annealed at 500°C, is caused by the formation of Ni-rich Ni 4 Ti 3 -precipitates detected by means of XRD analysis (see Fig. 3(a) , reflections marked by double-lined arrows). In specimens prepared at 84 and 100 J/mm 3 and annealed at 500°C, the transformation temperatures did not increase. Consequently, XRD investigations did not show Ni 4 Ti 3 -precipitates. This is in accordance with the higher transformation temperatures (in the as-built state) and the reduced Ni-content in the NiTi-matrix, respectively, as more Ni should have evaporated at elevated energy densities and the formation of Ni 4 Ti 3 -precipitates is known to occur only in NiTi exceeding a nominal Ni-content of 50.5 at.% and 55.57 wt.%, respectively (Ref 29).
Microstructure
Metallographic analysis on specimens produced at 70 J/mm 3 revealed columnar grains with lengths up to several hundred micrometers (see Fig. 4(a) ), which proceed along several powder layers. The grains are oriented in building direction because of epitaxial growth in the direction of heat transfer (Ref 30) . In cross sections perpendicular to the building direction, we found elongated, platelet-shaped grains that extend to 150 lm (see Fig. 4 (b) ). Their arrangement refers to the alternating laser route with a vector spacing of 120 lm, as indicated in Fig. 4 (b) . A broad size distribution of the grains is observed. Similar anisotropic microstructure caused by SLM fabrication have been reported, e.g., for TiAl6V4 (Ref 30) and TiAl6Nb7 (Ref 31). Figure 5 displays three cyclic tensile tests of a selected specimen produced at 70 J/mm 3 . At room temperature, the specimen was basically in austenitic state, but since M s was approximately 25°C, also the martensitic phase was expected. The load-relief curves show clearly the characteristic pseudoelastic behavior. Note that the specimen was in the as-built condition, i.e., no additional heat treatment was applied. From  Fig. 5 , it is apparent that the first cycle exhibited a residual deformation of about 0.7% strain after maximal straining to 3%. As the sample was kept at a minimum stress of 50 MPa, we derived the plastic deformation by extrapolating the relief curve to r = 0 MPa. Martensite de-twinning most probably caused the residual strain of 0.7% after the first cycle. After straining the specimen for a second time to 3%, we calculated only 0.2% deformation after specimen relief, which shows that nearly the entire martensite were de-twinned already during the first cycle. In the third cycle, the specimen was strained up to 3.4%, whereupon we detected a complete shape recovery.
Mechanical Characterization
Further, to evaluate the pseudoelastic properties at higher strain levels, improvement of the mechanical properties of specimens in SLM tensile testing is necessary, as our specimens fail usually at around 4% strain.
Varying Processing Parameters Within One Construct
As the processing parameters influence the phase transformation temperatures, we conducted preliminary experiments on NiTi specimens consisting of two regions built with distinct SLM parameters. As listed in Table 1 , lower and upper parts of cylindrical specimens were produced with 100 and 60 or 60 and 100 J/mm 3 , respectively. The processing by varying SLM parameters led to NiTi-parts with regions of different phase transformation temperatures. Differences in the observed phase transformation temperatures are summarized in Table 1 . This difference, however, is smaller than expected from the experiments presented above, in which differences of up to 75 K were detected. The entities prepared with 60 J/mm 3 show considerable differences in their transformation temperatures, possibly caused by modified cooling rates within the specimens during the building process. For a better control, further dependencies of transformation temperatures on the process parameters have to be examined.
Conclusions
Using different sets of process parameters, the phase transformation temperatures of SLM built NiTi entities can be directly tailored. The reason behind is most likely the Ni loss by evaporation, which increases with applied energy density. Solution annealing leads to a decrease of the phase transformation temperatures in the specimens produced with energy densities of 70, 84, and 100 J/mm 3 , associated with the formation of Ti-rich phases including Ti 4 Ni 2 O x and TiO 2 . Nevertheless, the increase in transformation temperatures with applied energy densities is preserved. After annealing at 500°C, the specimens did not show remarkable differences in their transformation temperatures anymore. Cyclic loading proved that SLM-built specimens exhibit pseudoelastic behavior directly after manufacturing, i.e., without additional heat treatments. A shape recovery of up to 3% strain was demonstrated.
The application of varied SLM process parameters, therefore, allows for the fabrication of pseudoelastic and pseudoplastic NiTi-structures from the same starting material. In addition, constructions consisting of several regions with distinct phase transformation temperatures can be built. This approach permits manufacturing implants with locally pre-defined anisotropic properties. SLM-produced implants could, for example, consist of pseudoelastic, shock-absorbing regions, on the one hand; pseudoplastic regions, on the other hand, would offer a reduced YoungÕs modulus and the possibility to facilitate the one-way shape memory effect. 
